High-resolution pulsed Fourier-transform nuclear magnetic resonance spectroscopy at 22.63 MHz was used to observe the proton-decoupled natural-abundance "IC nuclear magnetic resonance spectraofCDCIl solutions of the methyl esters of prostaglandins Fia, 15-epi-Fla, Fat, F2ns E2,s A2, 13-dehydro-Fw,, , two (Fig. 1) .
rium resonance of the solvent. Proton decoupling was accomplished with a broad band modulator and amplifier of Bruker design. Free induction decay data were averaged with a Nicolet 1080 computer using 8K of data storage and an 11.1-kHz digitization rate corresponding to a 5555-Hz sweep width. Thus, the transformed spectra (4K in width) had a maximum resolution of 1.35 Hz. In general, 10,000-12,000 transients were averaged before multiplication of the accumulated free induction decay by an exponentially decaying function with a time constant of -2 to -4. The chemical shifts reported are believed accurate to within 40.1 ppm. Methyl esters of the prostaglandins were used in most cases to achieve solubility in suitable organic solvents, having both a minimum number of carbon resonances in the region of interest and the ability to dissolve the less polar synthetic intermediates encountered in our laboratory, thus allowing the most meaningful comparisons to be made of the spectra of related compounds. Barring gross structural changes, little difference is expected between the spectra of the esters and the acids (3). CDCI3 was chosen because of its solubility properties, its low-level 3-line spectrum in a relatively unencumbered portion of the spectrum, and its deuterium resonance necessary for field-frequency stabilization. In two cases, 10% [U-2H]benzene in CC14, which also fulfills the above requirements, was used.
Samples of prostaglandin (PG) Fl. (X)t, PGF2 (V), and PGE, (VII) were obtained through the courtesy of Dr. John Pike of the Upjohn Co. PGA2 (VIII) was prepared from PGE, by acid-catalyzed dehydration followed by thin-layer chromatography of its methyl ester (4) . The synthesis of 13-de- hydro-PGF2, (IV) has been described (5) . A similar sequence using (S)-ci.oct-1-yn-3-ol-5-ene (I) (6) and involving the acetal II as an intermediate was used for the synthesis of 13-dehydro-PGF3. (III) . PGF2#, (VI), obtained together with PGF2, (V) by NaBH4 reduction of PGE2 (7), was examined as the mixture (about 1:1) after esterification. Resonance lines due to carbons magnetically equivalent in the two species were about twice as intense as the individual lines due to carbons that were magnetically nonequivalent in the two species. With the spectrum of PGF2, methyl ester available from a separate experiment, the spectrum of PGF2, methyl ester was obtained by subtraction. Compound XI, the enantiomer of 7-oxa-PGFc, (8) , which was extremely soluble in the t Roman numerals refer interchangeably to the carboxylic acids and their methyl esters. (9) directly by selective catalytic oxidation of the primary alcohol to the carboxylic acid (Fried, J. & Sih, J. C., unpublished work).
Methyl esters of the prostaglandins were obtained by treatment of the acids with freshly distilled ethereal diazomethane. The small amounts (<10%) of C-9, C-11, and C-15 methyl ethers occasionally formed in the methylation reaction were judged insignificant in relation to the signal-tonoise levels observed in the experiments, which were on the average about 10:1. All samples were analyzed in 5-mm NMR tubes containing 0.30 ml of 0.10-0.15 M solution except for samples VI and VII, which were in 0. 15 Fig. 2 shows most of the data in a form more amenable to spectral comparisons. Conventional prostaglandin numbering is used throughout, the ester methoxyl carbon being designated C-21 ( Fig. 3) .
The synthesis of the prostaglandin analog 13-dehydro PGF3. (III), which was undertaken concurrently with the study reported here, provided an unusual opportunity for obtaining information needed to make 18C NMR spectral assignments in the prostaglandin family. By obtaining '8C NMR spectra of synthetic intermediates as III was built up in the sequence I _ II -_ III, it was possible to construct a correlation diagram in three corresponding stages, providing, with little ambiguity, most of the assignments for this full 20-carbon prostanoid. These assignments served as the basis for making all the assignments for the other compounds studied, which were available only as the complete 20-carbon prostanoids. The spectra of these 20-carbon prostanoids in turn provided the necessary data for making the remainder of the assignments in III and establishing a self-consistent correlation diagram for all the compounds studied (see Fig. 2 ).
The assignments for I are trivial, using the correlations of Grant and Paul for alkanes (10) and those of Roberts et al. for alcohols (11) and olefins (12) . A single-frequency offresonance decoupling experiment confirmed these assignments (13 (14) . The series are in the same direction, namely, upfield) that the C-il resonance is the one at 75.1 ppm. Assignments in the spectra of PGE2 methyl ester (VII) and PGA2 methyl ester (VIII) are straightforward. The downfield shift of the C-8 and C-10 resonances and the upfield shift of those of C-11 and C-12 in VII relative to VI are as expected for the a-and ,B-carbons, respectively, of a cyclopentanone relative to a cyclopentanol (11, 16) . It is not possible to distinguish between the C-8 and C-12 resonances in compounds VII and VIII. The enone carbons of VIII are assigned in good agreement with the values for 2-cyclopentenone (17) . The upfield shifts of lines due to C-8 and C-12 in VIII are most probably due to steric compression brought about by the eclipsing interactions necessitated by the planar (or nearly so) cyclopentenone system (18, 19) .
The spectra of PGFia methyl ester (X) and its 15-epimer (IX) are similar to that of PGF2a methyl ester (V). The main differences again are those expected for the replacement of an olefinic link by a saturated one. The resonances due to the olefinic carbons C-5 and C-6 move upfield by about 100 ppm and those due to the a-carbons C-4 and C-7 move slightly downfield. On the other hand, the resonances due to the olefinic carbons C-13 and C-14 occur at approximately the same positions as those in PGF2a methyl ester.
The differences between the spectra of PGFia, methyl ester (X) and its 15-epimer (IX), though perhaps diagnostic, are not easily explained. The spectrum of the enantiomer of 7-oxa-PGFia (XI) is readily interpreted on the basis of the spectrum of PGFia methyl ester. Carbons a to the ether oxygen (C-6 and C-8) move significantly downfield as expected, while carbons f3 to the ether oxygen (C-5, C-9, and C-12) and some y to it (C-10, C-11, and C-13) move upfield. That the remaining y-carbon, C-4, does not also move upfield confirms that the shifts observed for C-10, C-11, and C-13, which are in the right direction but considerably larger than the usual 7-effect of -1 ppm, are due to a different phenomenon. This may be a change in conformation of the ring to accommodate hydrogen-bonding between the ether oxygen and the C-9 hydroxyl group; the energetically favorable hydrogen bonding is balanced by increased ring strain. Carbon atoms that are sterically perturbed appear at higher field than similar carbons that are not sterically crowded (20) . Thus, only the carbons y to the ether oxygen that are in the ring (C-10 and C-11), and the 7-carbon that is directly attached to the ring (C-13) and therefore subject to crowding on conformational change, exhibit the upfield shift.
DISCUSSION
Comparison of the spectra of PGF2a and PGF2# methyl esters may offer some insights into the conformation of prostaglandins in solution and into the question of substituent effects in the '3C NMR spectra of cyclopentane compounds.
It is reasonable to expect that the cyclopentane ring of PGF20 is in the so called "half-chair" conformation with all four substituents pseudo-equatorial (21) . The planar conformation is obviously fraught with eclipsing strain involving four substituents and can thus be ruled out. Any of the "envelope" conformations still leave eclipsing strain at the carbons opposite the "flap" of the envelope. Only the "half-chair" conformation, in which carbons 9, 10, and 11 are planar, with carbons 8 and 12 equally above and below the plane, presents an eclipse strain-free situation. In this conformation, the molecule has a "localized" C2 axis of symmetry passing Proc. Nat. Acad. Sci. USA'70 (1978) and 74.5 ppm, suggesting (if the isotope effects in the a and # i3C NMR of Prostaglandins 1583 through carbon atom 10 and bisecting the bond between carbon atoms 8 and 12. The C2 axis is only a localized one since the two substituents at C-8 and C-12 are not identical. This is probably the cause of the 0.6-ppm deviation from equality of the chemical shifts of the C-9 and C-11 carbon resonances. The large difference (4.2 ppm) between the C-8 and C-12 carbon resonances may be explained by the a-effect of a trans-double bond, although specific data for such an effect on a methine carbon are not available (12) .
In PGF2, the 9-hydroxyl group must be pseudo-axial in order to preserve the above-mentioned "half-chair" conformation. However, this conformation almost certainly results in more steric crowding than is the case for PGF2# in which all substituents are pseudo-equatorial. It is thus not surprising to find the C-8, C-9, and C-12 signals at higher field in PGF2.
methyl ester than in PGF2,0 methyl ester. It is, however, surprising to find C-10 at slightly lower field and C-11 at significantly lower field. That the ring conformation in the PGFa series is still essentially the "half-chair" conformation is suggested by two observations. First, it is possible to preferentially silylate the C-11 and C-15 hydroxyl groups of PGF2, in the presence of the C-9 hydroxyl group with the selective reagent N-trimethylsilyldiethylamine (22), indicating that the C-9 hydroxyl group is significantly hindered, as would be expected for the "half-chair" conformation in which it is pseudo-axial. Secondly, we have measured the coupling constant for the C-8,C-12 protons of 13-dehydro PGF3. methyl ester (III) at 270 MHz using double irradiation techniques (Cooper, G. F., unpublished work) and find it to be 10.2 ± 0.2 Hz. This finding suggests a dihedral angle of very close to 180°, as expected for the "half-chair" conformation. Since the 'IC NMR spectra of III, IV, and V show only differences explainable on the basis of the known effects of double and triple bonds on carbons a, P, and y to them, one concludes that III and V are in substantially the same "half-chair" conformation. We are then faced with the problem of explaining how the change from an equatorial to an axial hydroxyl group at C-9 (PGF20 --PGF2) causes a downfield shift of about 2.9 ppm in the resonance of C-11. For cyclohexanols, such a change produces an upfield shift of 5.7 ppm at the corresponding -y-carbon (11) . The problem may be viewed in terms of the following alternatives: (i) The ring of PGF2, is in a substantially different conformation than that of PGF2,0 in spite of the evidence to the contrary;
(ii) the rings are in essentially the same conformation, but minor deviations in conformation cause major changes in 1'C NMR shifts; or, (iii) the rings are in substantially the same conformation but the nature of substituent effects in alkylcyclopentanols is not well understood.
Our It is interesting that there are significant differences between the spectra of the C-15 epimers of PGF1a (Fig. 2, IX and X), while there are no significant differences between the spectra of the C-15 epimers of 13-dehydro-PGF2. (Table 1, IV and IVa). (24) .
